Several mechanisms that increase the rate of mutagenesis across the entire genome have been identified; however, how the rate of evolution might be promoted in individual genes is unclear. Most genes in bacteria are encoded on the leading strand of replication [1] [2] [3] [4] . This presumably avoids the potentially detrimental head-on collisions that occur between the replication and transcription machineries when genes are encoded on the lagging strand [1] [2] [3] [4] . Here we identify the ubiquitous (core) genes in Bacillus subtilis and determine that 17% of them are on the lagging strand. We find a higher rate of point mutations in the core genes on the lagging strand compared with those on the leading strand, with this difference being primarily in the amino-acid-changing (nonsynonymous) mutations. We determine that, overall, the genes under strong negative selection against amino-acid-changing mutations tend to be on the leading strand, co-oriented with replication. In contrast, on the basis of the rate of convergent mutations, genes under positive selection for amino-acid-changing mutations are more commonly found on the lagging strand, indicating faster adaptive evolution in many genes in the head-on orientation. Increased gene length and gene expression amounts are positively correlated with the rate of accumulation of nonsynonymous mutations in the head-on genes, suggesting that the conflict between replication and transcription could be a driving force behind these mutations. Indeed, using reversion assays, we show that the difference in the rate of mutagenesis of genes in the two orientations is transcription dependent. Altogether, our findings indicate that head-on replication-transcription conflicts are more mutagenic than co-directional conflicts and that these encounters can significantly increase adaptive structural variation in the coded proteins. We propose that bacteria, and potentially other organisms, promote faster evolution of specific genes through orientation-dependent encounters between DNA replication and transcription.
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Most genes in bacteria are encoded on the leading strand of replication [1] [2] [3] [4] . This presumably avoids the potentially detrimental head-on collisions that occur between the replication and transcription machineries when genes are encoded on the lagging strand [1] [2] [3] [4] . Here we identify the ubiquitous (core) genes in Bacillus subtilis and determine that 17% of them are on the lagging strand. We find a higher rate of point mutations in the core genes on the lagging strand compared with those on the leading strand, with this difference being primarily in the amino-acid-changing (nonsynonymous) mutations. We determine that, overall, the genes under strong negative selection against amino-acid-changing mutations tend to be on the leading strand, co-oriented with replication. In contrast, on the basis of the rate of convergent mutations, genes under positive selection for amino-acid-changing mutations are more commonly found on the lagging strand, indicating faster adaptive evolution in many genes in the head-on orientation. Increased gene length and gene expression amounts are positively correlated with the rate of accumulation of nonsynonymous mutations in the head-on genes, suggesting that the conflict between replication and transcription could be a driving force behind these mutations. Indeed, using reversion assays, we show that the difference in the rate of mutagenesis of genes in the two orientations is transcription dependent. Altogether, our findings indicate that head-on replication-transcription conflicts are more mutagenic than co-directional conflicts and that these encounters can significantly increase adaptive structural variation in the coded proteins. We propose that bacteria, and potentially other organisms, promote faster evolution of specific genes through orientation-dependent encounters between DNA replication and transcription.
Concurrent DNA replication and transcription leads to conflicts that stall replication, especially on the lagging strand, where the two machineries meet head-on ( Supplementary Fig. 1 ) [5] [6] [7] [8] . Presumably, to avoid these encounters that can delay replication, bacteria have cooriented most of their genes with replication by encoding them on the leading strand 1, 2 . However, it is unclear why, even in species with a strong orientation bias such as B. subtilis, 25% of all genes and 6% of all essential genes remain on the lagging strand 1, 2 . We investigated the relation between gene orientation and mutagenesis, by analysing the rate of mutations of ubiquitous (core) genes from five clonally divergent strains of B. subtilis (Supplementary Table  1 ). To be defined as a core gene, the gene had to be present in all five strains, have at least 95% nucleotide identity and at least 95% of the length coverage, to exclude the highly diverse genes affected by nonhomologous gene shuffling 9 . Among the 759 core genes, 132 (17%) were encoded on the lagging strand (Supplementary Table 2 ). Of the 148 core genes that were determined to be essential 10 , only six (4%) were on the lagging strand, consistent with the previously described strong orientation bias in the essential genes 1, 2 .
We compared the rates of silent or synonymous (dS), and aminoacid-changing or nonsynonymous (dN) mutations, of the core genes on the leading and lagging strands. The rate of synonymous mutation on the lagging was marginally (2%) higher than on the leading strand (Fig. 1a) . In contrast, the rate of nonsynonymous mutations of the lagging strand genes was 42% higher than the genes on the leading strand ( Fig. 1b, P , 0.0001), without a significant number of outliers ( Supplementary Fig. 2 ). The relative increase of dN in the genes on the lagging compared with the leading strand was irrespective of the dS amount of the corresponding genes ( Supplementary Fig. 3 ). We found a similar trend when we analysed the mutagenesis rate in all leading-or lagging-strand genes: that is, besides the core genes, on the two strands (Supplementary Table 3 ). However, among the core genes that were previously identified as essential, we did not detect a difference in structural variability between the two strands ( Supplementary Fig. 4 ).
The observed difference between the rates at which leading-and lagging-strand genes vary may be due to orientation-dependent encounters between replication and transcription. It was previously suggested that transcript length contributes to severity of conflicts on the basis of the observation that gene operons oriented head-on tend to be of a relatively small size 4 . Interestingly, we found that most (82%) core genes on the lagging strand are not grouped together, and are organized as single genes rather than operons ( Supplementary Fig. 5 ). Moreover, there is a significant bias for genes on the lagging strand to be significantly shorter on average, with the average gene size being 48% larger on the leading strand (681 compared with 459 base pairs). In particular, genes coding for proteins with a length longer than 200 amino acids are underrepresented on the lagging strand, with only 26% of genes (34 of 132 genes) being of this size category, whereas 48% of genes exceed 200 amino acids on the leading strand ( Fig. 2a , P , 0.0001). These data are consistent with selection for genes on the lagging strand to be shorter, potentially to decrease the frequency of head-on conflicts. Because gene size probably correlates with conflict level, we analysed the relation between nonsynonymous mutation rates and gene length. Indeed, there was a significant positive correlation between increased length and increased dN on the lagging compared with the leading strand (Fig. 2b) , with the relative difference in dN being most apparent among the genes coding for proteins longer than 200 amino acids. In this size category (303 genes on the leading strand and 34 genes on the lagging strand), we also find a positive correlation between transcript abundance and dN, with the mean expression values being threefold higher in the group with higher dN amounts compared with those with the lower dN amounts, only in the laggingstrand genes ( Supplementary Fig. 6 and Supplementary Table 5) . Together, the positive correlation between increased mutation rates and gene length, as well as expression levels, suggest that replicationtranscription conflicts are probably responsible for the increased mutation rates in the lagging-strand genes.
We examined the ratio of dN to dS, to evaluate the relative strength of negative selection against structural changes in the genes coding proteins more than 200 amino acids in length. A significantly higher proportion of the genes on the leading strand (about half) are in the very low dN/dS range of less than 0.025 compared with those on the lagging strand (P 5 0.004, Fig. 2c) . Furthermore, there are 25 genes on the leading strand but none on the lagging strand that lack any structural variation at all. Thus, genes that are under especially strong selection against nonsynonymous changes are heavily biased to be co-oriented with replication. In contrast, almost half of the genes on the lagging strand had a relatively higher dN/dS range of more than 0.05, significantly more than that on the leading strand (P 5 0.002). To determine whether the increased dN/dS on the lagging-strand genes could be in part due to selection for nonsynonymous mutations, we looked for the presence of convergent amino-acid mutations, which is strong evidence for positive selection and adaptive evolution [11] [12] [13] . Among the genes encoding proteins longer than 200 amino acids, convergent mutations were detected in 24% of the core genes on the lagging strand in contrast to only 11% of the genes on the leading strand (P , 0.04) ( Table 1 and Supplementary Table 4) , indicating faster adaptive evolution of the corresponding genes.
We next determined whether replication-transcription conflicts are responsible for the increased mutation rates in the lagging-strand genes experimentally, using classic reversion assays. The positive correlation between increased gene length, as well as expression levels with increased dN in the lagging-strand genes, strongly suggest that conflicts are driving the mutagenesis of the head-on genes ( Fig. 2b and Supplementary Fig. 6 ). We engineered strains auxotrophic for histidine biosynthesis, and integrated an ectopic copy of the histidine synthetase (hisC) gene with a premature stop codon at the 318th position, under the control of the isopropyl-D-thiogalactopyranoside (IPTG inducible promoter P spank(hy) onto the chromosome, in either the head-on or co-directional orientation (Fig. 3) . Reversion assays and between increased length, mutagenesis and positive selection. a, The percentage of genes in each size category for lagging (black) and leading (grey) strands in increasing windows of 50 amino acids. b, The fold difference between either dN (black) or dS (grey) for lagging compared with the leading-strand genes in seven size categories (R 2 5 0.65 for dN and 0.02 for dS, over length). c, dN/dS ratios for genes longer than 200 amino acids on the leading (grey) and lagging (black) strands (**P , 0.005). P values were determined using a 2 3 2 x 2 test. We confirmed by sequencing that the transcription-dependent mutations were indeed occurring in the hisC allele at amyE (Supplementary Table 9 ). YB955 did not show an increase in hisC952 reversions with IPTG treatment (data not shown).
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fluctuation analyses were performed in the presence and absence of transcription, for both orientations (see Methods). In the absence of transcription, the orientation of the gene did not affect mutation rates ( Fig. 3 and Supplementary Table 6 ). When activated, transcription led to an increase in the mutation rate in both orientations, but the increase was much more prominent for the head-on orientation ( Fig. 3 and Supplementary Table 6 ). The dependence of increased mutation rates on both transcription and orientation indicates that head-on replication-transcription conflicts lead to increased mutagenesis. These data demonstrate that, in the absence of transcription, mutagenesis rates of the two strands are not significantly different.
We analysed the functional categories of the core genes on the lagging strand and found enrichment in genes for (1) sporulation, (2) iron binding, (3) transcription regulation and (4) cellular homeostasis (Fig. 4) . In general, most of these genes represent a variety of stress responses. For example, the transcription regulation genes include extracytoplasmic function (ECF)-type sigma factors (SigV and SigM), which are known to be the most variable of the sigma factors and are involved in responding to extracytoplasmic functions, as well as master regulators of biofilm formation (SinI and SinR), which control the transition from a free-swimming lifestyle to a stress-tolerant, biofilm lifestyle. We propose that these particular functions are kept relatively variable, possibly to produce population heterogeneity that can more easily respond to rapid changes in the environment.
Taken together, our data indicate that genes positioned on the lagging strand evolve at a significantly higher rate than those encoded on the leading strand, and that the mutagenic nature of the lagging strand is due, at least in part, to the conflicts between replication and transcription. The increased rate of mutagenesis in the genes on the lagging strand is probably detrimental for many, especially essential genes, and is probably responsible for the strong bias for these genes to be cooriented with replication. Two models were proposed previously to explain the underlying cause of the bias against head-on orientation of genes: (1) the detrimental effect of increased mutagenesis, by Mirkin and Mirkin 14 ; (2) increased rate of gene transcript truncations, by Rocha and Danchin 1 . Experimental work from B. subtilis, Escherichia coli and Saccharomyces cerevisiae has shown that genomic instability (which may increase the rate of mutations) is a potential consequence of head-on conflicts 8, 15, 16 . Indeed, our findings show that the bias for the co-directional orientation of genes in bacteria is at least partly determined by negative selection against increased rate of nonsynonymous mutations, consistent with the Mirkin and Mirkin model.
The other side of the coin, however, in contrast to the essential genes, is that the increased mutation rate could also be the reason for the head-on orientation of certain core genes: that is, head-on orientation could be promoted by positive selection. The action of positive selection is apparent from the high rate of convergent evolution in the proteins coded by genes on the lagging strand-a strong indication of their adaptive significance. In contrast to the nonsynonymous changes, synonymous mutations are generally (but not always) considered to be fitness-neutral in nature and their accumulation over time is expected to be driven largely by genetic drift. Thus accumulation of synonymous mutations could be a relatively slow process compared with positive selection for the adaptive changes, possibly explaining the low level of accumulation of the synonymous mutations in the lagging-strand genes compared with the nonsynonymous mutations. Although it is possible that there is a stronger negative selection against synonymous mutations in the lagging-strand genes owing to codon usage bias in highly expressed genes, we did not see a large difference between codon usage in the two strands' genes ( Supplementary Fig. 7) .
It is unclear how the phenomenon, described here, extends to other Gram-positive bacteria or to Gram-negative organisms such as E. coli and Salmonella. Orientation, transcription and rates of evolution in core genes have not been systematically investigated in these organisms, and previous studies looking at some aspects of these questions have produced contradictory results depending on methodology [17] [18] [19] [20] [21] [22] . Replication-transcription conflict-mediated mutagenesis could be used by many organisms, including eukaryotes, as a universal strategy to link gene expression and evolution rate under selection. Genes on the lagging strand can evolve at a relatively fast rate because of head-on conflicts. Thus a simple switch in orientation, using short sequence homologies and recombination-dependent mechanisms, could facilitate evolution in specific genes in a targeted way. Investigating the main targets of conflict-mediated mutagenesis is likely to show far-reaching biological insights into adaptation and evolution of organisms.
METHODS SUMMARY
Strains are listed in Supplementary Tables 1 and 7 . Plasmids are listed in Supplementary Table 8 . Relevant properties of strains are described in the text. Strain constructions, growth conditions and bioinformatics analyses are described both in Methods and Supplementary Methods. Standard procedures were used for the reversion assays and calculation of mutation rates and are described (Methods). The rate of mutations (dS and dN) were determined on the basis of the possible number of changes compared with the actual number of changes observed, either for synonymous or nonsynonymous mutations (see Methods for details). The genes categorized for the lagging strand were abrB, acuA, acuB, ahpC, ahpF, antE, cotM, cspD, cueR, def, fer, gerPF, hpr, ispG, katA, lexA, mrgA, nasE, sacY, sda, sigM, sigV, sinI, sinR, spoIISB, sspB, sspD, sspI, sspK, sspL, sspM, sspO, tnrA, ycnC, ydbP, ydgJ, yhdK, yjbI, ynzD, ypoP, ytzE, yutI, yuxN and ywoH.
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